Treatment of influenza relies on antiviral compounds that target the viral neuraminidase (NA) or polymerase proteins. Currently, 4 compounds are marketed that block the enzymatic activity of NA (reviewed in [1, 2] ). Oseltamivir phosphate (OS; administered orally twice daily for 5 days [3] ) is the most frequently prescribed NA inhibitor. Zanamivir has to be inhaled twice daily, usually for 5 days (http://www.fda.gov/drugs/drugsafety/ PostmarketDrugSafetyInformationforPatientsandProviders/ ucm183783.htm). Peramivir is administered as a single intravenous dose [4] . Laninamivir octanoate (LAO) is a long-acting NA inhibitor that remains effective in animals and humans for several days [5] [6] [7] ; accordingly, a single inhaled dose of this compound is sufficient to treat influenza virus infections. All 4 inhibitors structurally resemble the natural substrate of NA and act as inhibitors by occupying the catalytic site in NA. They differ in their side chains, which affects their bioavailability and the rate of emergence of NA proteins resistant to their antiviral effects [8, 9] .
Oseltamivir can reduce the duration of symptoms [10, 11] and the severity of disease [12, 13] . However, treatment of immunocompromised individuals with oseltamivir often leads to the emergence of drug-resistant viruses [14] [15] [16] [17] [18] [19] [20] , presumably because delayed virus clearance increases the opportunity for resistant variants to emerge. In immunocompromised hosts, infections with such oseltamivir-resistant influenza viruses can be fatal [14] [15] [16] [20] [21] [22] [23] . Most oseltamivir-resistant viruses are attenuated but can become dominant in nature (reviewed in [24, 25] ).
An inhibitor of the influenza viral polymerase complex (favipiravir [FA] , formerly known as T-705) [26, 27] ) is approved in Japan for restricted use against NA inhibitor-resistant pandemic influenza viruses [28] , and has been tested in a phase 3 clinical trial in the United States (https://clinicaltrials.gov/ct2/ show/NCT01728753). To date, FA-resistant influenza viruses have not been reported.
Combination therapy (ie, simultaneous treatment with ≥2 drugs) may increase antiviral efficacy and reduce the frequency of drug resistance compared with monotherapy. In particular, combinations of compounds that interfere with different steps in the viral life cycle may suppress viral replication and the emergence of drug-resistant variants more efficiently than monotherapies. Several studies have found beneficial effects of combination therapy compared with monotherapy [29, 30] . For example, a recent study demonstrated a beneficial effect
M A J O R A R T I C L E
of oseltamivir/favipiravir combination therapy vs both monotherapies in influenza virus-infected mice. However, this study did not assess the potential benefits of combination therapy in immunocompromised hosts.
Nude mice lack a thymus and cannot generate mature T cells and thus have been used as a model for immunodeficiency [31] . In nude mice infected with a human influenza virus, virus clearance was delayed and the survival rate was reduced compared with genetically matched control mice [32] . Here, we used nude mice to assess the therapeutic value of combination therapy compared with monotherapy in an immunocompromised host infected with influenza virus.
METHODS

Mouse Infections
Six-week-old female BALB/c (BALB/c CrSlc) and nude (BALB/ c-nu/nu) mice were purchased from Japan SLC Inc (Shizuoka, Japan). To confirm prolonged virus replication in immunocompromised mice compared with immunocompetent animals, we assessed the virus titers in BALB/c and nude mice as follows: Animals were anesthetized with isoflurane and intranasally infected with 10 3 plaque-forming units (PFU) of mouseadapted A/California/04/2009 (H1N1; MA-CA04). Changes in body weight and survival were monitored for 14 days. Three randomly selected mice per group were euthanized on days 3, 6, 9, and 11 postinfection and virus titers in the lungs were determined by using plaque assays in Madin-Darby canine kidney (MDCK) cells.
To compare the survival rates of influenza virus-infected mice treated with mono-or combination therapy, nude mice were anesthetized with isoflurane and intranasally infected with 10 4 PFU of MA-CA04 virus. One hour postinfection, groups of 5 mice were treated with OS (25 mg/kg), LAO (1.5 mg/kg), and FA (20 mg/kg or 30 mg/kg) alone or in combination. The compounds were administered orally (OS and FA) or intranasally (LAO) once daily (OS and FA) or once a week (LAO) for 5 or 28 days. Survival and clinical signs were monitored daily for 2 months. In a separate study, animals were infected and treated as described above. On days 3, 7, 14, 21, and 28 postinfection, 3 randomly selected mice per group were euthanized and virus titers in the lungs were determined as described above.
Additional details are described in the Supplementary Data.
RESULTS
Influenza Virus Infection in BALB/c Nude Mice Results in Delayed Virus
Clearance
To establish that influenza virus clearance is delayed in BALB/cnu/nu (nude) mice compared with wild-type BALB/c mice, we intranasally infected animals with 10 3 PFU of a mouse-adapted variant of A/California/04/2009 (H1N1) virus (MA-CA04) that causes detectable virulence in BALB/c mice [33] . MA-CA04 replicated efficiently in the lungs of infected BALB/c mice on days 3 and 6 postinfection, but the virus infection was cleared by days 9-11 postinfection (Table 1 ). In contrast, virus titers remained high in the lungs of nude mice on day 11 postinfection (Table 1) , demonstrating delayed virus clearance in these animals.
Survival Times of Influenza Virus-Infected Nude Mice Treated With
Antiviral Compounds
To compare the efficacy of mono-and combination therapy for influenza virus infection in immunocompromised hosts, we intranasally infected nude mice with 10 4 PFU of MA-CA04 virus. The higher dose compared to the pilot study was chosen to cause lethal infection. One hour after virus infection, groups of 5 mice each were treated with the viral NA inhibitors OS (the most frequently prescribed NA inhibitor) or LAO (which needs to be administered only once during a standard 5-day treatment), and/or with the viral polymerase inhibitor FA ( (Table 2) ; both arms of the study were carried out in the same experiment. Survival and clinical signs were monitored daily for up to 2 months. In a second experiment (described in detail in the following section), mice were infected and treated as described above and euthanized on days 3, 7, 14, 21, or 28 to determine lung virus titers. Mice that succumbed to virus infection were included in the calculation of survival times, whereas euthanized animals (ie, those used for virus titration) were censored (see Supplementary Data for details of our analysis).
Monotherapy for 5 days did not increase survival times compared with untreated mice (Figures 1 and 2A ; Supplementary  Table 1A ). In contrast, 5-day treatment with the higher dose of g Two extra mice were available, which were added to group 9.
h Five mice for the survival study and 12 mice to assess lung virus titers (4 time points; 3 mice per time point).
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Lung virus titer determination 6 plaques/ virus Figure 1 . Schematic overview of the drug combination study. Nude mice were infected and treated as described in the text and summarized in Table 2 . Survival was assessed ( Figure 2 ; Supplementary Table 1) and lung virus titers were measured (Table 3; Supplementary Table 2) . We then selected 264 virus samples (Supplementary Table 3 ) for further analysis, amplified them in Madin-Darby canine kidney (MDCK) cells, and determined their sensitivity to oseltamivir carboxylate (OS-C), laninamivir (LA), and favipiravir (FA) (Supplementary Table 4 ). For 19 viruses that were resistant to OS-C and LA (Table 4) , we performed plaque assays, isolated 6 viral plaques each, determined the neuraminidase (NA) sequences by Sanger sequencing, and tested their sensitivity to OS-C, LA, and FA (Supplementary Table 5 ).
FA in combination with an NA inhibitor significantly increased survival times compared with the untreated control group. Thus, combination therapy may prolong survival compared with monotherapies ( Figure 2A ; Supplementary Table 1A) . However, all mice died once treatment was terminated. Influenza virus clearance is delayed in immunocompromised individuals, requiring prolonged treatment with antiviral compounds. Treatment with NA inhibitors for 28 days did not significantly improve survival times compared with untreated nude mice ( Figure 2B ; Supplementary Table 1B) . However, both doses of FA with or without an NA inhibitor increased survival times significantly compared with untreated mice. Likewise, combination treatments of FA and a neuraminidase inhibitor resulted in prolonged survival compared with OS or LAO monotherapy. Collectively, these data demonstrate that treatment with FA may be more beneficial than treatment with OS or LAO, and that combination therapies with NA and polymerase inhibitors may be more effective in preventing death than currently established monotherapy with NA inhibitors.
Prolonged treatment with OS alone did not significantly increase survival times compared with 5-day therapy (Figure 2A and 2B; Supplementary Table 1C) . In contrast, 28-day monotherapy with LAO or FA at either dose significantly increased survival times compared with 5-day treatment. In addition, 28-day combination treatments resulted in prolonged survival compared with 5-day treatments, with the exception of the LAO + FA30 group (Supplementary Table 1C ).
Together, these data indicate that (1) FA is more effective than OS or LAO in delaying death in influenza virus-infected nude mice; (2) some combination therapies are more beneficial than monotherapies; and (3) a 28-day FA or LAO treatment regimen prolongs survival relative to a 5-day regimen. Nonetheless, even combination therapy for 28 days did not prevent death after treatment was withdrawn.
Lung Virus Titers and Lung Pathology of Influenza Virus-Infected Nude Mice Treated With Antiviral Compounds
All infected mice succumbed to influenza virus infection after the termination of antiviral therapy, demonstrating that even prolonged combination therapy did not clear the infection. We, therefore, assessed the lung virus titers of infected animals after mono-or combination therapy for 5 or 28 days ( Figure 1 , Table 3; Supplementary Table 2) . Animals were infected and treated as described previously. On days 3, 7, 14, 21, and 28 postinfection, 3 mice per group were euthanized and virus titers in the lungs were determined.
At several time points, animals treated with mono-or combination therapy for 5 or 28 days had significantly lower lung virus titers than untreated animals, but most reductions were moderate and not consistent, that is, the titers were reduced at 1 or 2 time points, but rebounded at later time points (Table 3;  Supplementary Table 2A and 2B) . None of the drug treatments suppressed virus replication completely.
The comparison of mono-and combination therapy revealed reduced lung virus titers for several combination therapies ( Table 3; Supplementary Table 2 C and 2D); however, most differences were not significant. Two combination therapies (OS + FA30 and LAO + FA30) resulted in significantly higher lung virus titers on day 3 compared with FA30 monotherapy. A 28-day treatment regimen was more beneficial in reducing virus titers than a 5-day treatment regimen for several groups including FA20 (day 7), FA30 (days 7, 14, and 21), LAO + FA20 (day 14), OS + FA30 (day 14), and LAO + FA30 (days 14 and 28) ( Table 3; Supplementary  Table 2E ), demonstrating that prolonged FA treatment with or without an NA inhibitor was efficacious. In contrast, lung virus titers of mice in 2 groups (LAO + FA20 on day 7, and OS + FA30 on day 7) were relatively low when the drugs were administered for 5 days, but significantly higher when the drugs were administered for 28 days (Table 3) .
Direct comparison of monotherapies revealed that FA reduced lung virus titers compared with neuraminidase inhibitors on some, but not all days (Supplementary Table 2F and 2G) .
Collectively, in most groups, mono-or combination therapy did not significantly reduce lung virus titers, consistent with our finding that all mice succumbed to their infection after treatment was withdrawn. However, as observed in our survival study (see Figure 2 ), treated animals survived longer than untreated controls.
Pathological evaluation on day 28 postinfection showed that prolonged combination treatment with NA and polymerase inhibitors reduced inflammation in the lungs of these animals compared with those treated for 5 days (Figure 3) . In mice treated with LAO + FA30 for 28 days, there was limited inflammation around the bronchi near the central airway on day 28 postinfection (Figure 3A and 3B) . By contrast, mice treated with LAO + FA30 for 5 days showed widespread inflammation on day 28 postinfection (Figure 3C and 3D) . Consistent with the survival data, these results demonstrate the benefit of combination therapy vs monotherapy.
Emergence of Drug Resistance
Treatment of influenza virus-infected, immunocompromised patients with NA inhibitors frequently results in the emergence of drug-resistant variants [14, 17-21, 23, 34] . To assess the emergence of drug resistance in animals treated with NA and/or polymerase inhibitors, we selected 264 lung samples from mice of all groups (Figure 1) , with an emphasis on late time points (Supplementary  Table 3 ). All samples except number 84 (which we were unable to amplify) were tested for resistance to oseltamivir carboxylate Three mice from each group were euthanized on days 3, 7, 14, 21, and 28 postinfection.
b Treatment details are shown in Table 2 .
c Animal(s) succumbed to infection before the day of sampling.
d Virus titers were significantly lower than in untreated animals;
e Virus titers in animals treated with combination therapy were significantly lower than in those treated with monotherapy.
f Virus titers after combination therapy were higher than those after FA30 monotherapy.
g Virus titers in the 28-day treatment group were significantly lower than those in the respective 5-day treatment group.
h Virus titers after the 28-day treatment were higher than after the 5-day treatment.
(OS-C, the active form of OS), laninamivir (LA; the active form of LAO), and FA (Supplementary Table 4 ).
To date, resistance to FA has not been reported. Hence, we lacked a positive control to establish an 50% inhibitory concentration (IC 50 ) value that would indicate resistance to FA. We detected very minor increases in IC 50 values in several samples obtained from FA-treated mice but do not know the significance of this finding.
In accordance with the World Health Organization guidelines, NAs that displayed reduced inhibition (10-to 100-fold and 5-to 50-fold increases in susceptibility to NA inhibitors for influenza A and B viruses, respectively) are shaded in light gray in Supplementary Table 4 , whereas NAs that displayed highly reduced inhibition (>100-fold and >50-fold increases in susceptibility to NA inhibitors for influenza A and B viruses, respectively) are shaded in dark gray.
The 5-day treatment regimen resulted in only 1 sample (number 61, group 3) with reduced inhibition in the presence of OS-C (obtained from an LAO-treated mouse). Treatment for 28 days with NA inhibitors resulted in more frequent emergence of drug resistance, in particular at late time points of sampling (Supplementary Table 4 and shown in boldface type in Supplementary Table 4) , all of which were isolated from animals treated with LAO + FA. Thus, prolonged treatment of immunocompromised mice with combination therapy does not suppress viral replication sufficiently to prevent the emergence of mutants with resistance to NA inhibitors.
Assessment of Mutations That Confer Drug Resistance to Neuraminidase
Inhibitors
For virus samples with resistance to both NA inhibitors, we performed plaque assays in MDCK cells, picked 6 viral plaques each, amplified them in MDCK cells, and tested them for resistance to OS-C and LA (Figure 1 ; Supplementary Table 5) . We also sequenced the NA segments of these viruses (Supplementary Table 5 ). For several lung virus samples, all 6 viral plaques encoded the same mutation in NA. However, most lung virus samples contained virus populations that encoded combinations of wild-type and/or mutant NA proteins. The most frequently detected mutation was R152K (Supplementary  Table 5 ), which confers oseltamivir resistance to influenza B viruses [35, 36] but is typically not associated with influenza A virus resistance to NA inhibitors. Here, we detected it after prolonged combination therapy with LAO + FA, resulting in moderate-to-high resistance to OS-C and LA. Several viruses encoded an E119G mutation, which resulted in moderate-to-high resistance to LA, but not to OS-C. Mutations at this position have previously been shown to confer resistance to NA inhibitors [17, 21, 37] . In our study, the E119G mutation was also detected together with a P120S mutation, resulting in high resistance to LA; this combination of mutations has not been reported previously. Moreover, we isolated a variant with E119D/ N378D mutations in NA that conferred high resistance to OS-C and LA with IC 50 values of 822 nM and 428 nM, respectively. Clonal analysis of viral samples revealed coexistence of the R152K and E119G or E119D mutations in viral populations; however, we did not detect viral clones with mutations at both positions.
DISCUSSION
Here, we tested combinations of influenza virus NA and polymerase inhibitors in immunocompromised mice and detected prolonged survival after combination therapy compared with monotherapy; however, lung virus titers were not reduced consistently and all animals succumbed to their infection after the antiviral treatment was terminated. The combination of NA and polymerase inhibitors was chosen because these compounds target different viral proteins and differ in their mode of action.
Oseltamivir treatment of influenza virus-infected, immunocompromised patients often leads to the emergence of variants resistant to this compound. In an effort to avoid this, oseltamivir treatment may be combined with additional NA inhibitors and/or other antiviral compounds such as adamantanes or ribavirin (reviewed in [29] ). In clinical settings, antiviral compounds are typically administered sequentially (rather than in combination) and proper controls are not available. In a small clinical study of immunocompromised patients (n = 7), combination therapy with oseltamivir, amantadine, and ribavirin reduced virus titers compared with those of a patient who received monotherapy; drug-resistant variants were detected in the patient treated with oseltamivir monotherapy, but not in the patients who received combination therapy [38] .
In a recent study in immunocompetent mice, Marathe et al [39] tested oseltamivir and favipiravir mono-and combination therapies as treatment for infection with a highly pathogenic influenza virus of the H5N1 subtype; drug treatment was initiated 2-5 days after infection and continued for 5 days. Compared with untreated controls, mice treated with OS, FA, or OS/FA showed improved virus clearance, reduced lung virus titers, and/or increased survival rates. Monotherapy with FA was more beneficial than OS monotherapy. Combination therapy completely protected the mice from lethal H5N1 virus infection, whereas the monotherapies did not. In our study in immunocompromised mice, relatively high virus titers were detected in mouse lungs throughout the treatment period, but combination therapy increased the survival times in several treatment groups. Consistent with the study by Marathe et al [39] , we also found that treatment with FA was more beneficial than treatment with OS. Collectively, these studies in immunocompetent [39] and immunocompromised (our data) mice demonstrate that treatment with a polymerase inhibitor may be more beneficial than treatment with OS, and that OS/FA combination therapy may improve the outcome of influenza virus infections compared with monotherapy.
Drug combination therapy may suppress the emergence of drug-resistant variants, but comprehensive studies are lacking to prove or disprove this concept. Marathe et al [39] did not detect NA mutations that conferred resistance to OS, perhaps because the samples were collected within 8 days of infection of the mice. In contrast, we isolated a number of viral samples with increased IC 50 values to OS-C and/or LA, particularly at the late stage of infection. Thus, prolonged virus replication at relatively high titers facilitated the emergence of mutants resistant to NA inhibitors. The emergence of drug-resistant variants did not correlate with virus titers or the time of death.
We isolated a number of viruses with resistance to both OS-C and LA that typically encoded the R152K mutation, which is associated with OS-resistant influenza B viruses [35, 36, [40] [41] [42] . However, the R152K mutation has been detected in an A/ Puerto Rico/8/34 (H1N1) virus isolated from mice treated with OS [43] ; this mutation increased the IC 50 values to OS-C and LA by 17-and 4.5-fold, respectively, compared with the wildtype virus [43] . Here, we frequently detected this mutation after treatment with LAO, resulting in low-to-moderate resistance to LA and OS-C (Supplementary Table 5 ).
Several studies have demonstrated that mutations at position 119 of N1 NAs confer resistance to NA inhibitors. Samson et al [37] isolated human H1N1 viruses with the NA-E119A or NA-E119K/G147E mutations after virus passages in cultured cells in the presence of LA. Tamura et al [17] reported the emergence of the H275Y and E119G/D mutations in an immunocompromised child treated with OS and zanamivir. Treatment of an influenza virus-infected transplant recipient with OS, followed by zanamvir, resulted in the emergence of a human H1N1 virus with the H275Y mutation (acquired after OS treatment) and the E119D mutation (acquired after treatment with zanamivir) [21] . We detected the E119D mutation in combination with the N378D mutation; this double-mutant showed resistance to both OS-C and LA (Supplementary Table 5 ). Similarly, L'Huillier et al [21] reported that the E119D mutation conferred moderate-to-high resistance to OS, LA, zanamivir, and peramivir.
We detected the E119G mutation individually and in combination with the P120S or N378D mutation (Supplementary Table 5 ). The E119G mutation conferred resistance to LA, but not to OS-C, consistent with other studies that showed that NA-E119G conferred resistance to LA, zanamivir, and peramivir, but not to OS-C [37, 44, 45] . Two viruses possessing both the NA-E119G and P120S mutations displayed very high IC 50 values of 275 nM and 520 nM, respectively, to LA, suggesting that the P120S mutation may increase the inhibitory effect of the E119G mutation. The amino acid at position 120 of NA has not been linked to increased resistance to NA inhibitors; however, its location next to residue 119 suggests a direct or indirect effect on the interaction with NA inhibitors.
Collectively, these findings demonstrate that the E119D mutation in NA confers broad resistance to NA inhibitors, whereas the E119G mutation confers resistance to LA, zanamivir, and peramivir, but not to OS-C. A human H1N1 virus with the E119G mutation was attenuated in mice and ferrets [46] , suggesting that such a variant may not become dominant in nature.
We did not detect viruses with substantially increased resistance to FA, consistent with other studies [39, 47] . The action of this compound, which mimics purine nucleotides [48, 49] , may make the emergence of resistant variants highly unlikely, although a chikungunya virus with resistance to FA has been reported [50] .
In summary, combination therapy with NA and polymerase inhibitors increased the survival times of influenza virus-infected immunocompromised mice. However, the treatments tested here did not result in virus clearance; rather, virus replication continued at relatively high levels throughout the treatment period, providing an opportunity for the emergence of NA inhibitor-resistant variants. Novel antiviral approaches are needed to eradicate influenza virus infections from immunocompromised hosts.
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